Track geometry deteriorates with traffic flow, thus it needs to be regularly restored using tamping or other method. As the deterioration is mainly in the vertical direction this aspect has been widely studied and models for its analysis developed, however, the lateral deterioration of track is not as well understood. This research aims to develop a method that can be used to analyse and predict the lateral deterioration of railway track caused by traffic flows, and investigate the influences of different railway vehicles, running speeds, traffic types and wheel/rail contact conditions.
Track condition has a significant influence on the behaviour of a railway system in terms of ride safety, maintenance and passenger comfort. However, in practice, it is physically impossible to totally eliminate track irregularities. It is therefore very important to understand the mechanism that underpins track deterioration, so as to be able to predict the development of track irregularities and reduce the life-cycle cost of the railway system and the design of new track structures. 1 The deterioration of track alignment is usually measured by railway infrastructure managers using a Track Recording Coach. Various models of the vertical settlement of tracks have been developed in order to predict the rate of change of the vertical track level. 2 However, the mechanisms and the triggering limits are not well understood in terms of lateral vehicle/track interaction dynamics. The limit of a track's lateral resistance was defined by Prud'homme 3 in 1967 and is currently still in use in most railway organizations. The model of vehicle/track lateral dynamic interactions proposed in this work is established as the overall model scheme shown in Figure 1 . The vehicle/track lateral interactions can be effectively modelled based on two main parts: a model of the vehicle/track interactions and a model of the track's lateral deterioration. The model of the vehicle/track interactions is an existing multi-body system model, in this case the VAMPIRE simulation tool.
The forces output from the VAMPIRE simulation are then used as the input to a finite element (FE) track model.
The VAMPIRE simulations use input data selected to match conditions observed on selected track sections as shown in Table 1 . The outputs are the resolved vertical and lateral forces at each wheel of the vehicle onto the rails.
The model of the lateral behaviour of the track that was built using the FE approach and MATLAB is shown in Figure 2 . MATLAB was used mainly due to the ease of coupling VAMPIRE software to MATLAB. Furthermore, it is easier to include variable nonlinear characteristics, determined by the dynamic vertical load, into the model. The model consists of three-lateral and three-vertical degrees of freedom per sleeper element, including two extra nodes for the rail beam between two sleepers, which was determined so as to give sufficiently accurate peak displacement of the sleeper's rigid-body mass while maintaining a reasonable calculation speed.
The nonlinear characteristic of the lateral resistance is shown in Figure 3 (a), which was determined from experimental programmes performed at BR Research, 4 DB 5 and TU Delft. 6 A simplified nonlinear characteristic, illustrated in Figure 3 (b), was used in track model in order to make the calculation process faster and easier.
In Figure 3 , F e and w e represent the elastic force for breakage and displacement, respectively; F e varies with the distribution of the vertical loads. F p and w p are respectively the break-away resistance and displacement, which are the force and displacement required to overcome friction effects and initiate motion. 7 They can be seen as the point at which the sleeper starts to laterally slide on the ballast bed. is the residual deflection stiffness softening factor; a value of 0.98 to 0.99 was found to be appropriate for consolidated track. F v is the vertical force that is distributed from the rails to the sleeper. Even small forces can cause residual deflections; therefore, it is not sensible to use the actual friction coefficient between the sleeper and ballast in the residual deflection calculation. For example, the lateral forces are usually less than 5 kN on straight track, and using the actual friction coefficient, which creates a dynamic elastic breaking force of more than 20 kN, will not help capture any small accumulated residual deflection after a number of passes. Therefore, a much smaller coefficient was defined and used in the calculation of residual deflections. r is the coefficient of friction between the sleeper and ballast layer for the residual deflection determination; in fact 3% of the total is due to the sleeper/ballast friction coefficient s . The parameters for the track model are listed in Table 2 ; they were selected from test results reported in the literature. Table 3 is the traffic mix on the section of track used in the validation process; the traffic was considered to be evenly distributed within each time period. Figure 4 (a) and (b) are respectively the measured and predicted lateral irregularities of the track over three 60 m track sections. The peak lateral deterioration and increase from one period to the other are well predicted.
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Using initial track irregularity data, the lateral deterioration was simulated by running different vehicles on the track based on the real traffic conditions. Figure 5 (a) shows a comparison between measured and predicted changes in lateral deterioration for three track sections, which is the difference between two consecutive time periods. Figure 5 (b) illustrates the standard deviation (SD) value of this section of track, as well as the root mean squared (RMS) and correlation coefficient values of the measured and predicted lateral deteriorations. The correlation coefficients for the first predictions are very low, due to the small magnitudes of long-wavelength irregularities and the short-wavelength irregularities not having a strong correlation. The RMS value indicates the magnitude of the difference between measured and predicted lateral deteriorations; therefore, the larger the RMS value, the less accurate is the prediction. The correlation coefficient measures the linear correlation between the measured and predicted deteriorations.
From the RMS and correlation values for these three sets of results, it is clear that the prediction is Vehicle 1  Vehicle 2  Vehicle 3  Vehicle 4  Vehicle 5  Vehicle 6  Vehicle 7   19 January 2011  D1  16 March 2011  D2  16,909  1258  308  946  657  46  32  18 May 2011  D3  19,023  1416  346  1064  739  52  36  15 June 2011  D4  8454  629  154  473  329  23  16  20 July 2011  D5  10,568  787  192  591  411  29  20  17 August 2011  D6  8454  629  154  473  329  23  16  14 September 2011  D7  8454  629  154  473  329  23  16 reasonably accurate for the first four or five datasets; however, it becomes less accurate with increasing time since the RMS grows and the correlation coefficient starts to decrease. A comparison of measured and predicted track lateral irregularities shows that there is an additional small irregularity in the predictions that does not appear in the measured data. The Power Spectral Density (PSD) values of the measured and predicted lateral deteriorations were calculated for the three considered sections of track. In addition to a good match at low frequencies, the predicted deterioration includes a higherfrequency component that does not exist in the real dataset. This high-frequency effect corresponds to a wavelength between 0.09259 and 0.1389 cycle/ m (6.17-10.8 m) as shown in Figure 6 . As the vehicle's dynamic forces are the only input to the track model, this is surely caused by a dynamic mode of the vehicle that can be excited by different factors (e.g. wheel/rail kinematic modes). If wavelengths between 3 and 10.8 m are filtered out of the results, the SD values become much more closely matched. In addition, the RMS and correlation coefficient values indicate that using the filtered data results in much more accurate prediction results, as shown in Figure 7 . This paper shows that the shortwavelength deterioration introduced by the vehicle dynamics is important; the reasons as to why this effect is not observed on real track data requires further investigation. 
The effects of different vehicles
The effects of different vehicles running on one section of measured track and the influence of the running speed of the most common vehicle (Class 390) on the lateral deterioration of the track are discussed in this section. The simulation results on track deterioration caused by different vehicles for one pass on the tangent line are shown in Figure 8 . For quantities that can vary both positively and negatively, such as track deterioration, the RMS value is a good measure of the amplitude.
It can be observed that the freight vehicles (vehicles 6 and 7) generally have the biggest impact. Since the Lateral to Vertical (L/V) ratio is considered to have the largest effect on determining the residual deflection, the dynamic L/V loading ratios from all vehicles were calculated. Figure 9 is a summary of the mean L/ V ratio for various vehicles. For the passenger vehicles (vehicles 1 to 3) with similar static loads, vehicle 1 has the biggest L/V ratio and vehicle 3 has the smallest value of the ratio. Therefore, the residual deflection created by vehicle 1 has the largest value, as shown in Figure 8(b) . On the other hand, the laden freight vehicles have much smaller values of the L/V ratio than the tare ones; however, they create larger residual deflections. The reason for this phenomenon is that the laden vehicles generate much larger lateral forces. Therefore, it can be deduced that the residual deflection depends on both the lateral force and L/V loading ratio.
Considering the dynamic forces experienced by each sleeper, the residual deflection under lateral and vertical forces can be calculated as described in Figure 10 . Therefore, the lateral residual deflection can be calculated using equation (1) 
Substituting the force and displacement relationships in Figure 10 into equation (1) and rearranging leads to equation (2)
where F L stiff1 and F L stiff2 are dynamic forces without damping forces, is the softening factor, r is the residual coefficient, F V is the vertical force, F L is the lateral force, F e is the elastic break-away force, w r is the residual deflection, w re is the displacement after the residual deflection has taken place and w is the elastic deflection. As the vehicle/track dynamic interactions are very complex, it is very difficult to solve the equation and isolate the influence of the force on the lateral residual deflection. If damping is not considered, the only influence factors are the L/V loading ratio (F L /F V ) and the distribution of the lateral forces on the sleeper (F L )
For vehicles that generate similar levels of lateral forces, the vehicle with the highest L/V ratio creates the largest amount of lateral deterioration. For vehicles with similar L/V ratios, the vehicle with the largest lateral force creates the largest lateral residual deflection. For vehicles with different L/V ratios and lateral forces, it is better to use the vehicle/track model to simulate the influence of a vehicle. For the track studied, the two-axle vehicles led to the largest residual deflection for each passage of a vehicle, even though the speed limit for these vehicles is low.
The effect of running speed
The running speed of the vehicle has a major influence on the vehicle/track dynamics. The most influential vehicle (vehicle 1) was selected to see how the running speed of the vehicle can influence the lateral residual deflection, the considered speeds are listed Table 4 . All the presented results were obtained after 1000 passes of the vehicle. Figure 11 shows the obtained residual deflection at the considered speeds. The thick lines indicate the lowest, original and highest speed, respectively. It is more interesting to utilize the frequency domain to look at the impact of the speed on the residual deflection. Figure 13 summarizes the changes in the PSD of the peak lateral forces in the frequency domain.
It can be seen that the wavelengths of the first two peaks do not significantly change, whereas the power density of the residual deflection at these peaks does change. The change in the first peak of the PSD plot agrees with the result of the average change in the residual deflection, whereas the second PSD peak has the opposite trend. As the peak power density of the first peak has a much bigger value than the second peak, the first peak has a greater influence on the extent of the lateral deflection.
The change of the vehicle speed does not necessarily change the wavelength but rather changes the amplitude of the residual deflection. There will be a critical speed that creates the peak residual deflection and reducing or increasing the vehicle speed (and still remain within the permitted operational speed) can reduce the residual deflection at specific locations. 
The effect of different traffic mixes
The effect of different vehicles on the residual deflection was considered by taking into account the actual traffic mix by factoring the obtained residual deflection for one pass with the number of axle passes, the obtained results are shown in in Figure 15 . It is clear that vehicle 1 has a major influence on the extent of lateral track irregularity compared with the other vehicles. This is due to the fact that this vehicle makes up more than 95% of the traffic on this section of the West Coast Main Line (WCML), as shown in Table 5 .
Each vehicle has its own dynamic behaviour, therefore creating different amounts of lateral damage to the track. From the results shown in Figure 8(a) , vehicle 2 appears to create a lateral deterioration with a negative correlation with the deterioration created by vehicle 1. Interestingly, a different traffic mix can help to reduce the lateral deterioration created by various vehicles. If the traffic pattern is altered between vehicles 1 and 2, the resulting changed D1 -D2 traffic is shown in Table 5 . Figure 16 shows the results of the lateral deterioration of the track under the actual and optimized traffic scenarios. It can be seen that the lateral deterioration created by vehicle 1 is almost opposite to the deterioration created by vehicle 2; thus, more axle passes of vehicle 2 can effectively reduce the deterioration created by vehicle 1. The SD of the track section drops from 0.5476 to 0.4283 by changing the traffic mix.
The effect of different wheel/rail contacts
In reality there will be many different worn conditions of the rails and wheels. In order to see if the worn rail and wheel profiles make a big difference to the vehicle/ track dynamics, some comparison were made by running the vehicle/track lateral simulation with different combinations of wheel and rail profiles. The wheel/ rail contact profiles discussed in this section are listed in Table 6 . All worn rail profiles were considered to be in a slightly worn condition for wheel/ rail contact set 1. The average worn wheel profiles of different vehicles running on the ECML were obtained using the software VTISM 13 for wheel/rail contact set 2. The worn wheel profiles discussed in wheel/rail contact set 3 were a different level of worn wheel profiles measured on one Class 390 vehicle. Generally speaking, the wear of rail and wheel introduces a reduction in effective conicity, which leads to smaller lateral wheel/rail forces without considering flange contact.
The plots in Figure 17 are the resulting lateral deterioration levels of the track obtained by using the different wheel/rail contact sets listed in Table 6 .
Even if the wheels and rails all have the same original design profile but different worn conditions, the dynamic influence this interface brings to the lateral deterioration of the track is crucial. The plots at the bottom of Figure 17 are PSD plots of the lateral deterioration experienced at different wheel/rail contacts. It can be seen that different worn wheel and rail profiles in all contact sets result in wavelength changes. For contact set 3, it can be seen that the wheel wear leads to an obvious decrease in the longwavelength lateral deterioration. As a result, the low levels of conicity created by the worn wheel profile results, to some extent, in smaller lateral forces. However, the life of railway wheels is usually limited by wear, and the wear between rail and wheel leads to problems in stability, life-cycle cost and passenger comfort. This leads to a conflict between the best worn rail and wheel profile for lateral deterioration of the track and other aspects.
Conclusions and future work
The lateral deterioration of track is a highly nonlinear and complicated process, which is not well understood. The level of lateral irregularities is normally described by the SD value, which does not indicate specific peak deflections. A novel vehicle/track lateral dynamic interaction model has been established to simulate the link between the dynamic behaviour of railway vehicles and the track's lateral alignment, and the model has been validated against recorded track data. It has been found that the model gives a reasonably accurate prediction of the development of track irregularities; however, it tends to additionally predict a short-wavelength deterioration that is not seen in actual track deterioration. The lateral damage caused by a vehicle to the track depends on both the lateral/vertical force ratio and the lateral force; however, it is a complicated dynamic process that cannot be easily expressed through a simple function. It is therefore more sensible to establish the damage to the track created by each vehicle by carrying out a dynamic simulation. Two-axle freight vehicles are found to produce the most lateral track damage due to their high axle load, simple suspension design and resulting dynamic behaviour. Changing the speed of the vehicle does not necessarily bring a wavelength change to the residual deflection; however, it does create amplitude changes in the track deterioration. Within a certain speed range, there is a critical speed that creates the peak residual deflection; reducing or increasing the vehicle's speed can reduce the residual deflection at some point. The traffic mix can be optimized based on an individual vehicle's dynamics in order to reduce the lateral deterioration. It was found that the wheel and rail profiles play an important role in the lateral deterioration of track by influencing the vehicle/track lateral dynamics. Different rail and wheel worn profiles lead to totally different lateral dynamic forces for a vehicle. For a fixed worn rail and worn wheel on a particular type of vehicle, an increase in wheel wear lowers the extent of lateral residual deflection in the track due to a smaller conicity and lateral forces. Therefore, it is important to select the right measurement of the wheel and rail profiles, and find a representative wheel/rail contact for a track section that needs to be analysed; better understanding of the rail/wheel wear can lead to a more accurate prediction. The proposed model is shown to be able to accurately predict the lateral deterioration of a track over a period of roughly 8 months on a mainline railway with heavy traffic. The impact of different types of vehicles, their running speed and wheel/rail contact conditions are analysed. In future work, this model will be improved by taking into account additional factors such as the influence of longitudinal forces from the wheels to the rails, different weather and temperatures, subgrade and ground conditions, etc. The reason for the short-wavelength geometry deviation in the deterioration prediction is not yet fully understood and it should be discussed in terms of more accurate vehicle simulation results and more comprehensive rail and wheel worn profiles measured on the target track and vehicles. Furthermore, the lateral characteristics of the sleeper/ballast system are not well understood and there is only a limited literature that discusses that system. To improve on the present work it would be useful to carry out laboratory tests in order to capture the lateral stiffness values of the track and damping values as well as comprehensive nonlinear characteristics of the residual resistance behaviour of the track.
